Cent re fo r Rhizobium Studies, Division Of Science, M u rdoc h U n ive rsity, Murdoch, Perth, Western Australia 61 50 Cells of Sinorhizobium meliloti WSM419 showed an adaptive acid-tolerance response when grown a t pH 58 instead of pH 70. Increasing concentrations of calcium in the exposure medium significantly decreased the death rate of WSM419 cells under conditions of acid stress (pH 4-0). The effect of calcium on survival at pH 4.0 however, appears unconnected to exopolysaccharide (EPS), since a strain with a mutation in exoY (Rm0540) responded to calcium in the exposure medium in the same way as its wild-type parent (RmZOlI). The concentration of calcium in the growth medium also affected subsequent survival a t pH 4.0, and the effect varied with pH. In cells grown at pH 58, higher calcium concentrations also markedly increased the rate of synthesis of EPS; this was not seen in cells grown a t pH 7.0. 'H NMR spectra for isolated EPS from WSM419 cultures grown a t pH 5.8 and pH 7-0 showed that low pH markedly lowered the degree of substitution with acetyl and pyruvyl groups, but not the degree of substitution with succinyl groups; calcium concentration did not affect the pattern of substitution a t either pH. For EPS to be involved in the effect of calcium concentration in the growth medium on survival would imply a deleterious effect of the EPS produced at low pH.
INTRODUCTION
Until recently, medic pastures on acid soils in Western Australia failed because of the poor growth and acid sensitivity of the bacterial symbiont (Robson & Loneragan, 1970) . Acid-tolerant strains of Sinorbizobiurn meliloti like WSM419 have subsequently been isolated from acidic soils in the Mediterranean (Howieson & Ewing, 1986) , leading to the successful establishment of medic pastures on acid soils in Western Australia (Howieson et al., 1988 (Howieson et al., , 1991 .
The reasons for the greater acid tolerance of these strains are as yet unknown. The capacity to regulate intracellular pH (pHi) appears to be one important factor; strains like WSM419 are capable of maintaining pH, in the range pH 7.2-7.4 even under acidic external conditions (O'Hara et al., 1989) while strains of S. meliloti which perform poorly in acidic soils have limited ability to regulate pHi. Some of the genes essential for the growth of strains at low pH have been identified in Tn5-induced acidsensitive mutants which fail to grow below pH 6.0, with subsequent cloning and DNA sequencing (Goss st af., 1991; Tiwari et al., 1992 Tiwari et al., , 1996a . One class of these Tn.5-induced acid-sensitive mutants responds to high concentrations of calcium in the medium. Strain TG5-46, for example, has a poor capacity to maintain pH, (O'Hara et af., 1989) and is defective in the actR gene (Tiwari et al., 1996b) , which encodes the regulator protein of a two-component sensor-regulator system. Increasing the external calcium concentration to 5 mM allows TG5-46 to grow, even at pH 5-6. This phenomenon of 'calcium repair' suggests that in some, as yet unknown, way calcium protects the cells against external acidic pH. In other prokaryotes, many different cell processes are reported to involve calcium (Norris et al., 1991) ; in root nodule bacteria it can affect the cell wall (Bergersen, 1961 ; Vincent, 1962) , and stabilize oligomeric proteins and covalently bound protein-peptidoglycan complexes in the outer membrane (de Maagd et al., 1989) , as well as being required for chemotaxis (Bowra & Dilworth, 1981) .
Calcium affects the growth rate of S. meliloti WSM419: inclusion of 3 mM calcium in the medium significantly increases the growth rate and lowers the minimum p H for growth (Howieson et al., 1992; Reeve et al., 1993; Glenn et al., 1997) . The effect of calcium on growth rate at acid pH is not restricted to S . rneliloti, since similar results have been observed with Rhizobium leguminosarurn bv. trifolii (Watkin et al., 1997) . The growth-rate effect on WSM419 given by calcium addition is much smaller at neutral or alkaline pH.
To date, most of the physiological/genetic studies on acid stress in root nodule bacteria have focussed on growth rather than survival, despite the requirement for root nodule bacteria to persist in acidic soils. Root nodule bacteria are known to show an adaptive acidtolerance response (ATR); cells that have been grown under mildly acidic conditions (for example, p H 5.6-5.8) are more tolerant to a subsequent shock at extremely acid pH (for example, p H 3 . 5 4 0 ) than cells grown at pH 7-0 (O'Hara & Glenn, 1994) . The ATR has been well documented in the enteric bacteria (Goodson & Rowbury, 1989; Foster, 1991 ; Foster & Hall, 1991 ; Lee et al., 1994) and involves the synthesis of a large number of acid-shock proteins (Leyer & Johnston, 1993) . The ATR in root nodule bacteria similarly requires new protein synthesis (O'Hara & Glenn, 1994) , but the role of calcium in the S. meliloti ATR is unknown.
Another factor which has been implicated in acid tolerance of root nodule bacteria is exopolysaccharide (EPS) biosynthesis ; correlations have been drawn between the quantity of EPS produced by a strain and its acid tolerance and aluminium resistance (Cunningham & Munns, 1984a, b) . However, the connection between EPS production and acid tolerance may well be casual rather than causal, since the strains were not isogenic.
The universality of such a correlation has also been called into question by the report that an exoR mutant of Rhizobium leguminosarum bv. viciae that overproduced EPS is mildly acid sensitive .
Because of their importance in the legume-infection process, biosynthesis of EPS species in S. meliloti has been studied extensively and the route defined (Keller et al., 1988; Long et al., 1988; Sobral et al., 1991) . There are two major types of EPS, identified as EPSI and EPSII. EPSI consists of a repeating octasaccharide containing seven glucose residues and one galactose, with acetyl, succinyl and pyruvyl residues attached to the third, seventh and eighth sugar residues, respectively ( Fig. 1) . EPSII consists of alternating residues of glucose and galactose with 1,3-p linkages (Her et al., 1990) , with the sites of acetyl and pyruvyl substitution less well defined.
Regulation of EPS production is complex. In wild-type strains, addition of ammonia results in a threefold increase in the rate of EPS synthesis in R . Zeguminosarum bv. viciae (WSM710) but a 30-fold decrease for S. meliloti (Rm1021) (Doherty et al., 1988) . For exoR mutants of both these species, the rate of EPS synthesis is high and does not respond to ammonia addition (Doherty et al., 1988; Reeve et ul., 1997) .
The aims of this study were to determine whether the growth-accelerating effect of calcium at p H values permitting growth extended to an enhancement of the survival of S. meliloti WSM419 during exposure to much more acid conditions that do not allow growth, and to determine whether any such protection was connected to the quantity or quality of EPS produced. Calcium in the exposure medium does indeed protect cells from acid-induced death ; calcium does not affect the type of EPS produced at low p H but markedly affects the quantity synthesized. We also show that the calcium protection of cells exposed to low pH is not due to this effect on the quantity of EPS synthesized. (6000 r.p.m. for 10 min in a Sorvall RC-SB), resuspended in 1 ml of the same medium and used to inoculate six flasks containing 50 ml of the same growth medium to an optical density at 600 nm of approximately 0-05 (Hitachi U-1100 spectrophotometer). After approximately two generations, the cultures were centrifuged (6000 r.p.m. for 10 min) and the cells from each of the six flasks resuspended in 1 ml J M M (adjusted to p H 3.96-3.98) containing 0, 0.3 or 3 m M CaCl,. Each 1 ml batch of cells was then added to one flask containing 50 rnl JMM (pH 3.96-3-98) of the appropriate calcium concentration, giving two flasks each at 0, 0-3 and 3 m M CaC1,. It was necessary to have the p H of the uninoculated medium at 3.96-3-98 to ensure that after addition of cells the pH would be 400 k 0-04. Viable counts were then determined on TY plates at the start and every 1-2 h thereafter, using the Miles and Misra drop-plate method (Vincent, 1970) , over time courses of 8 h for cells grown at pH 7.0 and of 15 h for cells grown at pH 5-8. Viable counts were plotted on a semi-log scale and the decimal reduction time (D) determined from the calculated slope. Data were analysed statistically by a standard three-factor analysis of variance.
METHODS
In practice, because of the very different growth rates resulting from variation in pH or CaC1, concentrations, each experiment normally followed the viability of only one batch of six flasks resulting from one particular growth condition.
Exposure of strains Rm2Oll and Rm0540 to low pH. Cells of these two strains were grown to exponential phase in J M M (pH7-0) containing 0.3 m M CaC1, from plate cultures on JMM, centrifuged and used to inoculate a further flask of J M M (pH 7.0) with 0-3 m M CaCl,, which was again grown to mid-exponential phase. Cells pelleted from this culture were then exposed to JMM at p H 4.0 containing 0, 0 3 and 3 m M CaCI, in 50 ml volumes, with OD,,, adjusted to 005. Substitution of calcium with magnesium or strontium. Where the effects of Sr2+ or Mg2+ on viability at p H 4 -0 were investigated, WSM419 cells were grown only in J M M (pH 70) containing 0-3 mM CaC1,. The procedure was as described above except that there were eight flasks (starter cultures) used after two generations to inoculate eight flasks containing J M M at pH4-0 with (a) no added CaC1, (two flasks), (b) 3 mM CaC1, (two flasks), (c) 3 m M MgCI, (two flasks) and (d) 3 mM SrC1, (two flasks). Viable counts were performed hourly for 8 h.
Effects of calcium and pH on EPS production by WSM419.
Three-day-old TY slopes of WSM419 were used to inoculate 50 ml JMM broths containing 0.3 or 3 mM CaCI, at pH 5.8 or 7.0, which were grown to late-exponential phase at 28 OC. Cells were centrifuged (6000 r.p.m. for 10 min), resuspended in 1 ml of the growth medium and used to inoculate 100 ml of the same growth medium to an OD,,, of 0 . 1 4 2 . Two 50 ml aliquots were placed in sterile 250 ml flasks and incubated with shaking at 28 OC. The OD,,, of each culture was measured at the start. Two 1.5 ml samples were removed from one of each pair of flasks for EPS and protein determination, the flask of each pair alternating with time. The flasks were sampled at intervals of 1 h for the two pH 7-0 treatments, of 3 h for the treatment at pH 5.8, 3 mM CaC1, and of 12 h for the treatment at pH 5-8, 0 3 mM CaCl,, until the OD,.,,, reached 1.2-1.4. To account for the the increase in protein during growth, protein concentrations were plotted against time and used to derive values for jprotein.dt from the area under the curve. EPS concentrations were then plotted against these integrals; the slopes of the lines were calculated to give rates of EPS synthesis in mg EPS (mg protein)-' h-l (Reeve et 
al., 1997).
EPS and protein assays. At each sampling time, the two 1-5 ml samples were centrifuged for 5 min at top speed in a Microfuge (Beckman E). A portion (1 ml) of each sample was removed and the EPS precipitated with 0.3 vol 1% (w/v) hexadecyl-trimethylammonium bromide. The EPS was pelleted in the microfuge and dissolved in 1 ml 10% NaCl before storage at -20 "C. The EPS concentration was determined using the anthrone-sulfuric acid method (Loewus, 1952 ; Trevelyan & Harrison, 1952) Mutagenesis and sequencing of JC16. Tn5 mutagenesis, and isolation and sequencing of flanking DNA were carried out as described by Tiwari et al. (1996a, b) .
RESULTS AND DISCUSSION
Effects of calcium and pH on survival @though the concentration of calcium in the growth medium significantly affects the growth rate of S. meliloti at low pH (Howieson et al., 1992; Reeve et al., 1993) , with high concentrations of calcium inducing faster growth and decreasing the limiting pH at which growth occurs, the effects of calcium on survival of S. meliloti have not been explored. Cells of S. meliloti WSM419 were therefore grown to mid-exponential phase at pH 7.0 or pH 5.8 in JMM minimal medium containing either 0 3 mM or 3 mM CaCl, and exposed to an acid shock at pH 4.0 in the presence of 0, 0-3 or 3 mM CaCl,.
The data in Fig. 3 show the effect of growth pH for cells grown with 0.3 mM CaC1, at pH 7.0 or 5.8 and exposed to pH 4.0 in the presence of 0.3 mM CaCl,; they clearly demonstrate that the death rate for cells grown at pH 5.8 is much less than for cells grown at pH 7.0. Statistical analysis of the results of the series of experiments summarized in Table 1 show that across all treatments, the overall effect of growth at pH 7.0 is to give significantly greater ( P < 0.01) death rates at pH 4.0 compared with growth at pH 5-8. These observations are consistent with those of O'Hara & Glenn (1994) who showed that other root nodule bacteria possess an adaptive ATR like that of enterobacteria (Foster, 1991 ;  Foster & Hall, 1991; Goodson & Rowbury, 1989) and other bacteria such as Listeria monocytogenes (Farber & Pagatto 1992; O'Driscoll et al., 1996) .
It is also clear that the concentration of calcium affects survival in several ways (Table 1) . The most striking effect of calcium on cell survival derives from its concentration in the shock medium itself, where increasing the calcium concentration significantly in- with growth p H (Table 1) . Thus, while the increase from 0.3 to 3.0 mM Ca2+ in the growth medium at pH 7.0 resulted in essentially the same or a decreased death rate, the same increase in calcium concentration in the growth medium at pH 5.8 resulted in a consistently increased death rate.
Despite this interaction between growth pH and calcium concentration in the growth medium, the statistical analysis shows that there is a small but significant effect ( P < 0.05) of increasing the calcium concentration in the growth medium from 0.3 to 3.0 mM on the rate at which cells died on exposure to p H 4.0 and that effect is detriment a1 over all.
When similar survival experiments were performed on cells grown at pH 7.0 and 0 3 mM CaCl,, and exposed at pH4-0 with no added cation, 3 mM CaCl,, 3 mM The most significant effect of calcium (that in the shock medium) might be due to its influence on the rate of acidshock-protein synthesis or of some other protective cellular component. However, the killing curves are clearly first-order (Fig. 4) 
Effects of calcium and low pH on rate of EPS synthesis
On agar plates at pH 5.8 the mucoid nature of colonies of S. meliloti WSM419 appeared to be increased by addition of calcium (data not shown). The qualitative observation on agar plates was therefore pursued with broth cultures of WSM419 grown in minimal medium under varying regimes of p H and calcium concentration. At pH 7.0, the concentration of calcium had little effect on the rate of EPS biosynthesis (Table 2 ). In contrast, at pH 5.8 the rate of EPS production by cells given 0-3 m M CaCI, fell to less than 20% of the rate at pH 7-0, while cells given 3 mM CaC1, synthesized EPS at nearly twice the rate for similarly supplemented cells at pH 7.0. The overall result was an approximately 10-fold difference between 0.3 mM and 3 mM Ca2+ in the rate of EPS synthesis by cells of S. meliloti WSM419 at pH 5.8. While the low rate of EPS synthesis at pH 5.8 and 0 3 mM Ca2+ could be due to the very slow growth rate, the more intriguing observation is the enhancement of EPS production at pH 5.8 by 3 mM Ca2+ when cells are still growing considerably slower than at p H 7.0, EPS production in Azotobacter (Deavin et al., 1977) and other bacteria (Sutherland, 1985) has been shown to be increased by limitations of a variety of nutrients, including Mo, P, Fe, C, N, Ca and K. However, for most bacteria, including many root nodule bacteria (Bergersen, 1961; Vincent, 1962), 0.3 m M Ca" would be a luxurious supply. While in S. melifoti JJ-1 excess Mn has been shown to increase EPS production (Appanna, 1988) , the JMM medium does not contain excessive manganese.
The depression of EPS production at low pH may indicate that EPS synthesis represents a significant investment in energy and that, under conditions of proton stress, the cell has more urgent uses for its carbohydrate. The rate of EPS production is clearly a process where pH and calcium concentration interact ; one suggestion would therefore be that high levels of EPS production may in fact render cells of WSM419 grown at low pH more sensitive to subsequent acid shock at pH 40. The relatively slight effect of calcium in the growth medium at pH 7-0 would then be in line with virtually constant rates of EPS production unaffected by calcium concentration. However, most of the EPS associated with cultures must be lost when the cells are harvested and resuspended before shocking at pH 4.0, making a direct effect of EPS on survival questionable.
Calcium and pH effects on type of EPS
While Ca2+ has a marked effect on the amount of EPS produced at low pH by cells of WSM419, it is not clear whether the EPS formed under neutral and acidic conditions is identical, or whether Ca2+ concentration may influence the type of EPS produced as well as the quantity. An essential control for this purpose was to determine whether variations in EPS structure result from a simple change in the pH of the medium. The N M R spectra of EPS from cells of WSM419 grown at p H 7.0 and 5.8 at 1 mM CaC1, (Fig. 5 ) revealed that the EPS contained acetyl, pyruvyl and succinyl substitution, consistent with reports for other strains of S.
meliloti (Sobral et al., 1991) , Inspection of these spectra indicated that there were marked differences in the intensities of the signals for the pyruvyl methyl protons (6 1-4 p.p.m.), the acetyl methyl protons (6 21 p.p.m.) and the succinyl methenyl protons (6 2.45 and 2-6 p.p.m.), both relative to the sugar proton signals and to each other.
Integration of the spectra relative to the sugar protons between 6 3.25 and 3-95 p.p.m. leads to the data in Table 3 . The most obvious features of the data can be summarized as follows. (1) The degree of total substitution on the EPS appears to be markedly less at p H 5.8 than it is at pH 7.0. (2) Succinylation appears to account for a much larger proportion of the substituents on the EPS at pH 5-8 and 1 mM CaC1, than it does at pH 7.0. Thus, the ratio between succinyl and acetyl (or pyruvyl) substitution changes from -0-2 at pM 7.0 to 1-0-1-2 at pH 5-8 and the same CaC1, concentration.
(3)
The ratio between acetyl and pyruvyl substitution varies very little with pH.
The variation between the acetyl, pyruvyl and succinyl substituents and the sugar content of the EPS could be due either to a variation in the relative amounts of EPSI and EPSII, or to variable substitution, especially of succinyl groups. Even if both forms of EPS are produced together, and EPSII is generally regarded as cryptic and only produced when EPSI synthesis is blocked (Glazebrook & Walker, 1989; Zhan et al., 1989) , analysis using the ratios for sugar: organic substituents in EPS from S. meliloti (Her et al., 1990; Reinhold et al., 1994) suggests that simple variation in the EPSI to EPSII ratio cannot explain the data in Table 3 . It is therefore more likely that there are real pH-dependent differences in the extent of substitution. The current observations would suggest that pH may be able to cause variations whereby, for example, unsubstituted sugars could be inserted at positions in the octasaccharide normally occupied by acetylated or pyruvylated sugars. Precedents for this are already known: exoH mutants of S. meliloti 1021 produce non-succinylated EPS with normal acetylation and pyruvylation (Leigh et al., 1987) while exoZ mutants produce non-acetylated EPS with normal succinylation and pyruvylation (Reuber & Walker, 1993) . Importantly, the alterations in EPS substitution associated with p H change were totally independent of the calcium concentrations used (0.3, 1 and 3 mM CaCl,) (data not shown).
The effect of calcium in the exposure medium on resistance to acid killing appears most unlikely to be associated with production of more EPS, since the amount of EPS remaining associated with the cells after washing and resuspension in the low pH shock medium is likely to be very small, and would then need to be an extremely potent defence against acidity. A direct test was to determine how a mutant unable to synthesize EPS would behave. Change in growth pH from 7.0 to 5.8 results in a change in EPS type and in the rate of EPS synthesis becoming calcium-dependent. The effect of calcium in the growth medium on subsequent survival against extreme acid shock could therefore be associated with the changes induced by calcium in the quantity of EPS synthesized, or with a different interaction between calcium and the pH-altered EPS. Again, the relatively small amount of EPS likely to remain associated with the cells after washing and transfer to pH 4.0 makes this an unlikely hypothesis; the known range of calcium effects on bacteria (Norris st al., 1991) makes identification of the exact mechanism very difficult.
Is EPS necessary for the protective effect of Ca2+?
To address this issue, we attempted isolation of a mutant of S. meliloti WSM419 with impaired capacity for EPS synthesis. Selection of a strain which appeared calcofluor-negative and non-gummy at p H 7.0 yielded a strain (JC16) which synthesized only 20% of the EPS produced by the wild-type in the presence of 1 mM Ca2+ at pH 7.0. Partial sequencing of the gene interrupted by Tn5 insertion gave a 406 base sequence showing 81% identity with the corresponding segment of the 1008 bp sequence for glyceraldehyde-3-phosphate dehydrogenase (Meijer et al., 1996) . While survival of this mutant showed the same trends in survival being enhanced by Ca2+ in the acid exposure medium, the remaining capability for EPS production meant that the protection by calcium could still be attributed to an effect on the residual EPS production. We have therefore studied the survival of S. meliloti Rm2011 and its EPS-negative mutant Rm0540 in relation to Ca2+ in the exposure medium. The rates of synthesis of EPS by Rm2011 and Rm0540 at pH 7.0 and 0-3 mM CaC1, were checked: the former produced 4.4 pg EPS (mg protein)-' h-I while the latter produced no EPS due to its lesion in exoY (Muller et af., 1993) . Cells of Rm2011 and Rm0540 grown at pH 7.0 with 0.3 mM Ca2+ both showed the same protective effect of Ca2+ against acid killing (Table 4) . While with Rm2011 and RmO.540 the magnitude of the protection afforded by Ca2+ during exposure to pH 4-0 is not as great as that seen with WSM419 in Table 1 , the behaviour of the two first-named strains is not different. Inability to produce EPS does not therefore abolish the protective effect of Ca2+ against exposure to p H 4.0, making it unlikely that EPS is involved in the effect.
Conclusion
Calcium significantly affects both the survival of S . meliloti under acidic shock conditions and the amount of EPS produced during growth at low pH. The effect of Ca2+ in the growth medium at low pH on subsequent survival may be associated with its ability to increase EPS production. The major effect of the presence of Ca2+ on survival, however, is unrelated to EPS production; Ca2+ appears to directly protect some cellular component, possibly the membrane.
